Abstract. Motivated by the need for methods to aid the deformable registration of brain tumor images, we present a three-dimensional (3D) mechanical model for simulating large non-linear deformations induced by tumors to the surrounding encephalic tissues. The model is initialized with 3D radiological images and is implemented using the finite element (FE) method. To simulate the widely varying behavior of brain tumors, the model is controlled by a number of parameters that are related to variables such as the bulk tumor location, size, mass-effect, and peri-tumor edema extent. Model predictions are compared to real brain tumor-induced deformations observed in serial-time MRI scans of a human subject and 3 canines with surgically transplanted gliomas. Results indicate that the model can reproduce the real deformations with an accuracy that is similar to that of manual placement of landmark points to which the model is compared.
Introduction
Accurate deformable registration of 3D brain tumor images into a common stereotactic space is needed for the construction of brain tumor atlases. Such atlases will be useful in planning neuro-surgical tumor operations and therapeutic approaches by linking the functional and structural information provided by multi-modality images to variables such as tumor size, grade, subsequent progression, therapeutic approach and outcome [1] [2] [3] [4] .
Currently available image registration approaches applied to a register a normal brain atlas and a tumor-bearing image have limited accuracy in and around the tumor area. This is due to the inability of these approaches to account for topological differences between the two images, severe deformation in the vicinity of the tumor, and the confounding effects of edema and tumor infiltration. Approaches that introduce a small tumor "seed" in the atlas brain and rely on image information to subsequently adapt the atlas to the subject's images produce acceptable registration results for some tumor cases, however, patients with large tumors and substantial brain tissue deformation still present a major challenge [3, 4] . For such cases, the lack of a physically realistic model of brain tissue deformation, derails the image matching process and causes the deformable registration to fail near the tumor.
In this paper, a 3D finite element (FE) model of the mass-effect of brain tumors is presented. The model is controlled by a number of parameters that are related to variables such as the tumor size, location, and peri-tumor edema extent. The exact value of these parameters for a particular tumor patient can only be found within the context of inverse problem solving based on the patient's images. The goal behind the model presented here is not to predict tumor growth, or the mass-effect for a particular tumor patient, but rather to use this model for generating a large number of brain anatomies deformed by simulated tumors for a range of the model parameters. These simulated anatomies will act as training samples for a statistical estimator of the model parameters for particular brain tumor cases. Once the model parameters are estimated, they can be used to introduce a tumor in the atlas and simulate the associated mass-effect, prior to applying a deformable image registration approach to the two images. This paper is dedicated to presenting the details of a mechanical model for tumor mass-effect and its partial validation via a number of real tumor cases. The integrated approach for image registration is described in [5] .
In contrast to previous similar models that used 2D simulations and included only bulk tumor mass-effect [1, 2, 6] , the model presented here is fully 3D and includes the mass-effect of the tumor as well as that of peri-tumor edema. Most of the mass-effect of many real tumors is attributed, not to the bulk tumor itself, but to the peri-tumor edema [7] . Additionally, the model employs a non-linear constitutive material model for brain tissues and a non-linear FE formulation which allow the simulation of realistic, large-deformation tumor cases. The details of the approach are presented in Sect. 2.
Another contribution of this work is the quantitative comparison of model's predictions to deformations caused by real tumors and observed in a dataset of serial MRI scans. This dataset is composed of brain images of a brain tumor patient, and uniquely available scans of three canines with surgically transplanted tumors. Results reported in Sect. 3 show that the presented model can reproduce a large percentage of the deformations caused by the real tumors. The paper is concluded with a discussion of the results in Sect. 4.
Methods
The aim of the proposed model is to simulate only the mass-effect component of tumor growth via a mechanical FE model constructed from 3D medical images. Since tumor growth is not purely a mechanical process, but involves a host of interacting biological, biochemical and mechanical mechanisms, it is essential to initialize the model simulations with a configuration for the brain from which the target configuration (that deformed by the tumor at the desired stage of tumor growth) is reachable by solving a contiuum mechanics problem.
The proposed approach can be understood by aid of Fig. 1 . Let κ o be the initial configuration of the brain before the tumor emergence. The stresses in κ o are assumed negligible. Let κ t be the configuration of the brain at the target stage of tumor development. The bulk tumor denoted by T t , is assumed to be composed of proliferative, quiescent and necrotic tumor cells [6] . A region D t of brain tissue swollen by edema may also be associated with the tumor.
If T t were resected, the edema were diffused, and the stresses were allowed to relax, brain tissues will reach a relaxed configuration κ r . There is a relaxed configuration associated with every κ t and it is, in general, different from both κ t and κ o . Given κ r , the stresses caused by the bulk tumor, and the swelling due to edema, the deformation map ϕ can be obtained by solving the mechanics problem described below. For real tumor cases, these parameters are not known, but they can be estimated from the measured pattern of deformed anatomy as described [5] . For simulating mass-effect of tumors starting with normal brain images, approximations of these parameters are used as explained next.
Defining κ r involves specifying the geometry of the brain and that of T r (which corresponds to brain tissue that is no longer present in κ t ) and D r (which corresponds to brain tissue that is swollen by edema in κ t ). These regions are highly variable for different tumor cases and types. For tractability, herein, we will consider the approximation of T r and D r with two concentric spheres. Since expansion due to edema happens mainly in white matter (WM) [7, 8] , T r is restricted to WM tissues. The center and radii of T r and D r are treated as model parameters. It is worth noting that the shape of the final tumor depends on the generated surrounding stresses and need not be spherical [1] .
To account for the mass-effect of the bulk tumor, we follow the work of Wasserman and Acharya [6] and assume that the expansive force of the neoplasm can be approximated by a constant outward pressure P acting on the tumor boundary. P is a parameter that determines the mass-effect of the bulk tumor, and therefore, to a large extent, the final tumor size.
Edema expansion in WM is mostly perpendicular to the direction of the fibers [7, 8] . Here, we assume no knowledge of WM fibers' orientation and an isotropic expansive strain e is applied to D r by using analogy to thermal expansion. Studies of brain edema that measured a volume expansion of 200%-300% in WM [7, 8] imply e ∈ [0.26, 0.44]. For simulations starting with normal brain scans, a value of e = 0.35 is adopted.
Continuum Mechanics Problem Statement
Given the time scale of the tumor growth process, the deformation of brain tissues may be modeled as a quasi-static process. Additionally, if the effect of gravity is ignored, the required deformation map ϕ : κ r → κ t can be found by solving the static equilibrium equation Div(S) = 0, where S is the first PiolaKirchhoff tensor which is related to strain via the material constitutive law [9] .
Based on simulations using several of material constitutive laws for brain tissues suggested in the literature, we adopted the isotropic and homogeneous hyperelastic model proposed by Miller and Chinzei [10] while relaxing the perfect incompressibility assumption and ignoring viscous effects (since the time involved in tumor growth is much larger than the viscous time constants). Under these conditions, the strain energy density function of the material becomes [9] :
where
are the principal material stretches, J = det(F ) is the volume ratio, F is the deformation gradient, J th = (1 + e th ) 3 is the thermal volume ratio, and e th is the thermal strain. The constants µ, D 1 are related to the Young's modulus at zero strain E o , and Poisson's ratio ν by
and
The value α = −4.7 determined in [10] was adopted here. Since the brain biomechanics literature includes varying accounts of brain tissue compressibility and stiffness, in the experiments described below, the effects of µ and D 1 (equivalently µ, ν) on the proposed model were investigated. The following boundary conditions (BCs) complete the statement of the problem (refer to Fig. 1 ):
e th (X) = e, X ∈ D r and e th (X) = 0, X ∈ B B (4)
where N (X) is the outward surface normal at X in the relaxed configuration. Equation (3) implies a sliding BC over the brain surface except for locations where the falx meets the inner surface of the skull which are assumed pinned [11] . Equation (4) implies that the expansive strain due to edema is restricted to D r . Equation (5) is the traction BC implied by the tumor pressure, expressed in terms on normals in κ r . The ventricles are assumed void and eqn. (6) implies negligible intra-ventricular pressure [1] .
Experiments and Results
Here, we provide partial validation results for the model by quantitatively comparing its predictions to the deformations observed in four brain tumor cases. The same dataset is used to guide the selection the material model parameters. Finally, a model simulation on an MRI of a normal subject is demonstrated. Assuming that canine brain tissue properties and tumor growth process are reasonably representative of their counterparts in humans, three of the studied tumor cases were for dogs with surgically transplanted glioma cells [12] (DC1, DC2, DC3). A baseline scan was acquired before tumor growth, followed by scans on the 6 th and 10 th day post-implantation. Gadolinium-enhanced T1 MR images were acquired (MPRAGE for DC1, DC2). Tumors grow rapidly to a diameter of 1 − 2cm by the 10 th day on which the animals were sacrificed, and prior to the presentation of significant neurological complications. The fourth dataset (HC) comes from a series of T1 MRI scans of a human with a low-grade glioma transforming into malignancy. Two scans were used with approximately 2.5 years in between. Increase in the tumor mass and significant swelling due to edema were observed. The dataset is described in Tab. 1 and example images are shown in Fig. 2 .
To compare the model predictions to actual deformations in the available datasets, values of the model parameters (center, radii of T r and D r , and P ) for these cases must be determined. To avoid optimizing all parameters for each tumor case, the first images after tumor development (6 th day scan for dog cases, and the first scan for the HC) were used to approximate κ r . This approximation involves the assumption of negligible edema spread and tumor infiltration between this scan and final scan, which corresponds to κ t . Additionally, since tumors in the starting images are small, the stresses and deformation are assumed to be negligible. Under these assumptions, D r and T r are obtained from segmentations of the tumor and edema in the starting images. Since the starting images already had some edema, e was treated as a parameter with e ∈ [0.1, 0.4]. Since loads in the proposed model are in the form of a pressure, P , and a prescribed strain e, the resulting deformation depends on e and the ratio P/E o , but not P alone (confirmed by actual simulations). Given this, the value of µ = 842P a suggested in [10] was chosen. Experiments were performed to determine ν, and P , e for each tumor case according to the following procedure.
First, rigid registration of the target (final) scan to the respective starting scan (used to approximate κ r ) was performed [13] . At least, 20 pairs of corresponding landmarks were manually identified by a human rater in the starting and target images. The landmarks were selected near the tumor, where large deformation occurs. A combination of manual and automatic segmentation of the starting images into brain, ventricles, falx, tumor and edema was then performed. A tetrahedral FE mesh was generated from the segmented images [14] , and for each value of P , e, and ν, the FE simulation environment ABAQUS [9] was used to solve the continuum mechanics problem described above. The resulting deformation map ϕ for each simulation was used to deform the starting images and the locations of the landmark points in those images. Errors between deformed landmark coordinates and the corresponding rater's coordinates in the target scan were computed.
Experiments with different values of ν, P , e were performed in the following sequence. With ν = 0.49 [11] We adopt the value ν = 0.485 -near the middle of this range. With this value of ν and e determined above for each case, the optimal value of P was found. Final values of P and e and the corresponding residual errors in the model predictions are reported in Tab. 1. The residual errors for some individual landmark points were down to 15% of the deformation observed. For HC, the model is able to predict more than 62% of the deformation, on average. Simulated images using the optimal values of all parameters are compared to the real ones in Fig. 2 . Due to space limitations, we provide an example of the error curves for only for HC for different values of ν in Fig. 3 where we also present the result of applying our model on a normal T1-weighted brain MRI.
To quantify the accuracy of the rater's placement of landmarks in the target image scans, for DC1, landmarks in the target image were found by two raters. The mean inter-rater variability in this case was 1.12mm with a maximum of 3.29mm which are similar to the respective values obtained for residual model errors. In fact, the distribution of the inter-rater distances and the average residual errors (over the two raters) were statistically indistinguishable (p-value=0.95).
Discussion and Conclusions
A 3D FE model for simulating brain tumor mass-effect due to the bulk tumor and edema was presented. Comparison between the predictions of the model to deformations caused by four real brain tumors was performed. The results indicate that the residual errors are mostly caused by inaccuracies in the rater's tracking of the landmark points, as well as other errors such as modeling assumptions, errors in rigid registration and manual segmentation. In particular, in experiments on the real tumor cases, the use of segmentations of images at initial stages of the tumor to approximate the relaxed configuration makes the model unable to account for increase in infiltration and edema extent. Increase in tumor infiltration, particularly for the aggressive dog glioma tumors, may also be the reason behind perceived compressibility of brain tissues in these cases.
Future work includes investigating the relationship between model parameters and clinical variables, such as tumor type and grade. While cases studied in this paper did not involve contact between opposite walls of the ventricles, we plan to investigate the modeling of this phenomenon by using a FE contact condition, or filling the ventricles with a material that is softer than the brain tissues. The use of the presented model in establishing registration between normal brain images is presented in [5] .
